Experimental Section
We measured the resistances using a simple two-probe station and a Keithley 2440 source-meter. We used 17-nm-thick samples, grown at the laser repetition rate of 1 Hz, for most of the measurements. However, thicker films of up to 125 nm also showed very similar electroresistance effects, i.e. there were no tight constraints on the film thickness requirement.
For all the electrical measurements, the Nb-doped SrTiO 3 substrate is grounded and the voltage is applied to the Pt electrodes. The pulses of 16 ms duration were applied due to limitation of pulse duration of computer-controlled Keithley 2440 source-meter. To measure electrical characteristics with temperature variation from 20 to 550 o C, we used a probe station equipped with a hot plate.
To investigate local conduction at vertical interfaces, we employed Agilent 5500 scanning probe microscope. Commercial silicon tips coated with chromium/platinum were used for conductive AFM.
X-ray diffraction was carried out with a Panalytical Empyrean high resolution x-ray diffractometer using Cu-K radiation ( = 1.5405 Å). We employed x-ray reflectivity to measure the film thickness. axis with an electron probe of size less than 0.18 nm, convergence angle of 18.4 mrad and current of ~100 pA. HAADF images were recorded under similar optical conditions with an annular detector having collection range of 60-160 mrad. For EDS atomic-scale chemical mapping, EDS spectral imaging data were acquired as a series of frames, where the same region was scanned multiple time and spatially drift-corrected to build up the spectral imaging 3 data. The instantaneous dwell time on each pixel was 100 s. A typical frame was 512 × 128 pixels (pixel size of ~0.02 nm × 0.02 nm). The longer dimension is perpendicular to the interface. The EDS spectral image collection typically took about 1800 s, yielding a total perpixel dwell time of about 25 ms. EELS spectral imaging data was collected as a line-profile of 128 pixels (pixel size of ~0.08 nm) with per-pixel dwell time of about 200 ms and at a detector semi-angle of ~15 mrad. Sixteen EELS line-profiles across the interface from a similar location were acquired and averaged to minimize the possible artifacts due to elastic scattering of the electron probe within each phase at the atomic-scale. 
Numerical calculation of  by considering the Joule-heating-accelerated drift of oxygen vacancies
It was theoretically derived [S3] that the ionic drift can cause the exponentially varying behavior of the transient time on an external voltage, as shown in Figure 4e in the main text. This is due to the exponential variation of the drift velocity of the ion depending on an external electric field in the following equation.
where v is the drift velocity of the ion, f is the frequency of escape attempts, U A is the activation energy for ion hopping, a is the periodicity of the potential energy barrier, k B is the Boltzmann's constant, T is the local temperature, q is the amount of charge which the ion carries, and E is an applied electric field. In this study, the moving ion is an oxygen ion or oxygen vacancy, thus, q = 2e where e is the elementary charge. Figure S9 shows the schematic diagram of the Sm 2 O 3 -SrTiO 3 device. As explained in the main text, oxygen vacancies are produced from the lattice mismatch and move along the vertical interfaces of Sm 2 O 3 -SrTiO 3 . The oxygen vacancies are assumed to move over a certain distance l, resulting in a high to low resistance-switching process during . Then, is given by (see Equation (11) in Ref.
where V int is the voltage applied to the interface, l int is the length of the interface (8 or 17 nm), The experimentally observed exponential behavior cannot be explained by only the voltage dependence. This is because V int is not the same as the total external voltage V as shown in Figure S10a . In the figure, R is the remnant resistance of the circuit originating from the contact resistance, the bottom and top electrodes and voltage supplier. Then, V int is given (S2) where I is the total current. Note that Hz, [S5] U A = 0.9 eV, [S4] a ~ 0.5 nm. [S4] The results are denoted as dashed lines (purple for 17 nm and green for 8 nm) in Figure S12 . The calculated curves are well fitted to the experimental data for small V, but they are no longer decreased, thus, deviating from the data for large V as expected. This discrepancy implies that the Joule heating is another important factor to determine  in this system. As seen in Equation S1,  can exponentially decrease when T increases. To quantitatively analyse the Joule heating effect, we performed the finite element method simulation on the structure shown in Figure S9 to solve the heat equation
where c p is the specific heat,  is the mass density, k is the thermal conductivity, Q is the Joule heat power density. The material parameters are listed in the Table S1 . Figure S13a We note that the temperature increase for V < 1.0 V is negligible. Therefore, when 0.5 V is applied to the device, the local temperature of the interface is the same as the ambient temperature. Thus, the Arrhenius fitting in Figure 4d of the main text is meaningful. [S6] 0.122 [S4] 0.12 [S4] 0.012 [S7] 0.1 [S9] 0.000243 [S10]  (g/cm 3 ) 22 [S6] 5.13 [S4] 5.13 [S4] 8.347 [S8] 6.7 [S9] 0.00129 [S10] c p (J/g K) 0.13 [S6] 0.538 [S4] 0.538 [S4] 0.745 [S7] 0.6 [S9] 1.0005 [S10] 0 2 4 6 8 10 With these Joule heating effect, we recalculated Equation S1
. The results are denoted by solid lines (purple for 17 nm and green for 8 nm) in Figure S12 . The figure clearly shows that the Joule heating effect is an important factor for the exponential decrease of . We also estimated  for a l int = 4 nm device (blue line in Figure S12 ) based on the I-V curve of the 8 nm device. This shows that 10 ns switching is possible within 6 V.
